We have identified the replication origin of pNRC100, a 200-kb One pNRC100 minireplicon, pNG11A12, was analyzed by linker scanning mutagenesis, which showed the requirement of repH for replication. Restoration of the repH reading frame of one replication-defective pNG11A12 derivative by introduction of a second small insertion resulted in reversion to replication proficiency. The replication ability of pNG11A12 was lost when the entire A+T-rich region, about 550 bp long, was deleted but not when small insertions or deletions were introduced into this region. The presence of only 52 bp of the A+T-rich segment was sufficient to permit replication. The pNG11A12 minireplicon was lost at high frequency from cells grown without mevinolin selection, suggesting that the plasmid partitioning locus of pNRC100 is absent in the minimal replication origin region. We discuss the possible roles of the repH gene and the A+T-rich region in replication of pNRC100.
The genome of the extreme halophile Halobacterium halobium is extremely unstable (4, 8, 12, 36, 39, 40, 42) . It consists of two physically separable components, a G+C-rich major fraction and an A+T-rich satellite fraction (14, 24, 34) . Recent mapping analysis has indicated the presence of a 2,000-kb circular chromosome, two megaplasmids (pNRC200 and pNRC100, 350 and 200 kb in size, respectively), and several smaller and variable minor circular DNAs, most of which are deletion derivatives of pNRC100 (3, 9, 30, 32, 35) . Plasmid pNRC100 sequences partition largely into the A+T-rich satellite fraction, while the chromosome and pNRC200 partition mostly but not exclusively into the G+C-rich major fraction. A large number of repeated elements, including several well-characterized insertion sequence (IS) elements, are found in the H. halobium genome, many of which are clustered in pNRC100 and the A+T-rich satellite fraction (4, 8, 12, 15, 21, 26, 42, 47) . Recombinational activity promoted by these repeated elements is responsible for the genomic instability of H. halobium.
The physical map of pNRC100 was recently established by using rarely cutting restriction enzymes and pulsed-field gel electrophoresis ( Fig. 1) (30, 32) . Interestingly, a very large inverted repeat sequence (ca. 35 kb) was found in pNRC100, a structure which is reminiscent of plant chloroplast genomes. Two different inversion isomers of pNRC100, named ab and P-y, related by the relative orientation of the inter-* Corresponding author. Electronic mail address: sds@rna. micro.umass.edu.
vening small and large single-copy regions were identified. The finding of inversion isomers of pNRC100 but not of a pNRC100 deletion derivative lacking one copy of the inverted repeats suggested that recombination between the inverted repeats is the mechanism for inversion isomerization. In addition to the large inverted repeats, three IS elements, ISH2, ISH3, and ISH8, were found in multiple copies in pNRC100, and one element, ISH50, was found in a single copy. Two IS elements, ISH2 and ISH3, were located at the termini of the large inverted repeats. A total of 17 copies of IS elements have been mapped to pNRC100.
Rearrangements of pNRC100 were observed in gas vesicle-deficient (Vac-) mutants of H. halobium, which occur spontaneously at a frequency of about 1% (8, 10, 11, 22, 36, 44) . Both insertion (class II) and deletion (class III) mutations were found mapping in the small single-copy region of pNRC100 near the major gas vesicle protein gene, gvpA. This region was sequenced and revealed a gene cluster containing 13 open reading frames (Fig. 1A) (10, 19, 22, 23) . The genes are organized into two divergent transcriptional units, with gvpA, -C, and -N oriented rightward and gvpD, -E, -F, -G, -H, -I, -J, -K, -L, and -M oriented leftward. Divergent promoters were mapped to the gvpA-D intergenic region (10, 22) . Although genetic evidence indicated the involvement of many genes in gas vesicle synthesis, only two proteins, GvpA and GvpC, have thus far been detected in gas vesicles (19) . Additional biochemical analysis of gas vesicle proteins has been hampered by the extreme stability of the structure to solubilization.
In order to study the requirement for specific gyp genes in The position of the ISH3 element indicated in HindIII-C has been modified from that previously reported (32) (19, 20, 27) . During the course of this work, we found that recombinant plasmids containing the 19-kb HindIII-C fragment of pNRC100 near the gyp gene cluster were able to replicate in H. halobium. This, together with the observation that the left half of the HindIII-C fragment was never deleted in class III Vac-mutants, suggested that HindIII-C contains a region of pNRC100 necessary for plasmid replication or maintenance. We further observed that transformation of class III H. halobium Vac-mutants deleted for the entire gvp gene cluster with a plasmid containing the reconstructed gyp gene cluster and the capability to replicate in H. halobium resulted in genetic complementation of the mutants and restoration of their ability to float (19, 20) .
In this report, we define the minimal replication origin in the HindIII-C fragment of pNRC100. We (5) . Escherichia coli DH5a was used for cloning and subcloning (37) . Cloning and subcloning of the minimal origin region. Plasmids pNGHC1 and pNGHCMEV1, containing the HindIII-C fragment of pNRC100, were previously described (20, 32) . To construct pNG11 and -12, a 9-kb EcoRI subfragment of HindIII-C was excised and subcloned in both orientations into the unique EcoRI site of pNGMEV100, a previously described pTZ19R derivative containing the 3.5-kb KpnlSphI fragment of H. volcanii with the mev gene (27) .
Deletion derivatives of pNG11 and -12 were constructed by linearizing plasmids with partial HaeIII digestion, purification of 15.4-kb size fragments by agarose gel electrophoresis, cleavage at the multiple cloning site with SmaI, circularization with T4 DNA ligase, and transformation ofE. coli DH5a (37) . Plasmids pNG11A4, -A10, -A12, -A32, -A36, -A51, -A55, and -A69 and pNG12A6, -A14, -A15, and -A21 were obtained by this procedure. An additional set of deletion derivatives was constructed from pNG11A12 by linearization with EcoRI, second digestion with BglII, ClaI, KpnI, or CvhI, generation of blunt ends with Klenow fragment of DNA polymerase I or T4 DNA polymerase, and then recircularization with T4 DNA ligase and transformation of E. coli DH5a. Plasmids pNG11A1201, -A1205, -A1210, and -A1215 were obtained by this procedure. During construction, one of the ClaI sites (proximal to the SphI site) was protected from digestion by Dam methylation in E. coli DH5a because of the presence of two contiguous GATC sequences, GATC-GATC, containing the ATCGAT ClaI site. The plasmid constructs are tabulated in Table 1 .
Construction of a pNRC100 library and cloning of a minireplicon. Plasmid pNRC100 was partially digested with Sau3AI, and fragments of 5 to 10 kb were purified by agarose gel electrophoresis. The partial Sau3AI fragments were inserted into the BamHI site of pNGMEV101, a derivative of pNGMEV100 lacking one of the two BamHI sites, and transformed into E. coli DH5a. Approximately 1,200 transformants containing recombinant plasmids were obtained. The library was amplified in E. coli and used to transform H. volcanii (5, 37) . Plasmid DNA was isolated from mevinolinresistant (Mevr) H. volcanii transformants and used to retransform H. volcanii and E. coli. Plasmids prepared from individual transformants were then analyzed by restriction mapping and partial DNA sequencing.
Transformation of halobacteria and replication assay. DNA-mediated transformation of H. halobium and H. volcanii was carried out by using the EDTA-polyethylene glycol transformation procedures of Cline and Doolittle (5, 7) . Mevr transformants were selected by plating on rich solid medium containing either 25 ,uM (for H. halobium) or 20 ,uM (for H. volcandi) mevinolin. Plasmids were prepared from transformants by a previously described alkaline sodium dodecyl sulfate procedure (31) and visualized by agarose gel electrophoresis. Transformation with plasmids able to replicate in halobacteria gave -104 transformants per ,ug of plasmid, while transformation with those unable to replicate gave a 4-to 30-fold lower frequency. Plasmids were prepared from at least three separate Mevr colonies obtained from each transformation. When plasmids able to replicate were used to generate Mev' transformants, plasmid DNA was recovered from nearly all transformants, but when plasmids lacking the ability to replicate were used, plasmid DNA was never recovered. DNA sequence analysis. DNA sequence analysis was carried out by the chain termination procedure of Sanger et al. (38) , using synthetic oligodeoxyribonucleotide primers on double-stranded templates. External primers (5'-CCCAAC GTCGTCGAG-3', 5'-AATGCGTCCGTCGGG-3', and the universal primer) were used for sequencing of the deletion series pNG11A12, -A1201, -A1205, -A1210, -A1215, -A4, and -A32 and pNG12A14 and -A6. To cover gaps in the sequence, 18 additional synthetic primers were used. The primer sequences were 5'-GCATCGCTGTCATCG-3', 5'-CGGCAAG CAGTTCCC-3', 5'-TGCATTGAGAATATGAT3', 5'-GGG ATGCGCTGTTGTAT-3', 5'-CGAGCACITGCAGCTAT- Primer extension analysis. Primer extension analysis was carried out by using a 15-nucleotide-long synthetic oligode- This work pNG11A12 11.5
Deletion derivative of pNG11 lacking 3.9-kb segment; see (37, 38) . Linker scanning mutagenesis and restoration of reading frame. For linker scanning mutagenesis, plasmid pNG11A12 was linearized by partial Sau3AI digestion, purified by agarose gel electrophoresis, and dephosphorylated by calf intestinal alkaline phosphatase. The overhanging ends were filled in with Klenow polymerase, and the DNA population was circularized with T4 DNA ligase in the presence of a SmaI linker (5'-CCCCCGGGGG-3') (37). After transformation of E. coli DH5a, derivatives of pNG11A12 containing 14-bp insertions (5'-TCCCCCCGGGGGGA-3') at the center of Sau3AI sites were isolated (pNG11A12i6, -i57, -ilO, -i28, and -i41). Several plasmid derivatives had also suffered small deletions between Sau3AI sites in addition to the linker insertion (pNGl15l2dil, -di2l, -di33, and -di8). To restore the frame of these frameshift mutations, plasmids were linearized with a SmaI isoschizomer, PspAI, which generates 4-base 5' overhangs, and the ends were filled in with Klenow polymerase. These linear fragments were purified by contour-clamped homogeneous electric field agarose gel electrophoresis (6) 
RESULTS
Minimal replication origin of pNRC100. Previously, we found that plasmid DNA could be recovered from H. halobium transformed with pNGHCMEV1, which contains the HindIII-C fragment of pNRC100 (Fig. 1B) Restriction and genetic maps of the pNRC100 replication origin region in miniplasmid derivatives of pNRC100. The replication ability (Rep) and plasmid designations are indicated in the right-hand columns. The plasmids include pNGHCMEV1, pNG11, and pNG12 (A) and pNG11 and pNG12 deletion derivatives (pNG11An and pNG12An), pNG11A12 deletion derivatives (pNG11A12n), and pNG100 (B and C). Panels the left of the ISH8 element was not deleted in any of the class III Vac-mutants characterized (e.g., strains SD109, SD116, znd SD112A) (Fig. 1B) , indicating that this region is important for plasmid replication or maintenance. In order to further define the replication origin, subclones of pNGHC-MEV1 were constructed by using EcoRI. Of these constructs, pNG11 and -12 ( Fig. 2A and B (Fig. 2B) . The smallest deletion derivative with replication ability was pNG11A12, which contained a 5.1-kb region of HindIII-C. Since the plasmid with the smallest deletion at the right end, extending 2.7 kb from the EcoRI site proximal to the gyp gene cluster, was unable to replicate (pNG11A6; Fig. 2B ) we used another strategy to generate smaller deletions. Plasmid pNG11A12 was digested within the multiple cloning site with EcoRI and at the right end of the insert with CvnI, KpnI, ClaI, and BglII (Fig. 2C) . Only one of the four resulting plasmids, pNG11A1201, with the smallest (0.7-kb) deletion at the right end was able to replicate (Fig. 3, lanes 6 to 9) . The extent of deletion in these plasmids indicated that a region of about 4.4 kb of HindIII-C is required for replication.
We took a second approach to identifying the replication origin of pNRC100. A library of pNRC100, constructed by using partial Sau3AI fragments cloned in an E. coli plasmid containing the H. volcani mev gene, was used to transform H. volcandi WFD11. The transformed cells were grown up in liquid culture under mevinolin selection, and plasmid DNA was prepared. Use of this DNA for transformation of both E. coli and H. volcanii led to recovery of only a single plasmid, pNG100 (Fig. 3, lane 10) , containing a 5-kb restriction fragment of pNRC100 from the same region of HindIII-C as in pNG11A1201 (see above). Plasmid DNA was isolated from a total of 12 E. coli transformants and shown to be identical by restriction mapping using SstI. Further restriction mapping analysis of pNG100 showed that the insert was 0.5 kb smaller than that in pNG11A1201 at the left end and 1.2 kb larger at the right end (Fig. 2C) . This result confirmed the presence of a replication origin in HindIII-C and, together with the deletion mapping results, showed the minimal origin to be 3.9 kb. Importantly, the isolation of only pNG100 from a library of pNRC100 fragments suggested that the autonomous replicating region in HindIII-C constitutes the replication origin of pNRC100.
Sequence and transcription analysis. The minimal replication origin identified in the small pNRC100 minireplicons was further analyzed by DNA sequencing. Figure 4 shows the sequence of a 4,377-bp region containing the 3,874-bp minimal origin, defined by the left end of pNG100 and the right end of pNG11A1201. The entire region was sequenced on both strands. The sequence showed several interesting features, including a highly A+T-rich region (58.5% A+T) of about 550 bp at the left end and a rightwardly oriented open reading frame, repH, 3,027 bp long. The repH gene product is predicted to be an acidic (pI 4.4) protein with a molecular weight of 113,442. The codon usage is similar to that of other genes of H. halobium, with G or C usually in the wobble position. The base composition is about 55% G+C, which is typical for pNRC100. An ISH3 element was found 230 bp downstream of the repH stop codon.
The start site for transcription was mapped by primer extension analysis of RNA isolated from H. halobium NRC-1 and H. volcanii WFDli containing or lacking the pNRC100 minireplicon pNG11A12 (Fig. 5) . For both H. halobium strains, a major transcript with one nucleotide heterogeneity at the 5' end, beginning 17 to 18 nucleotides 5' to the putative repH start codon, was observed. A minor transcript starting about 75 nucleotides further upstream was also visible. For an H. volcanii strain containing pNG11A12, a heterogeneous set of repH transcripts originating 90 to 145 bp upstream of the start codon was observed, while the strain lacking pNG11A12 did not contain any detectable transcripts. The presence of repH transcripts is correlated to the presence of the repH gene, either on pNG11A12 or on pNRC100. The differences in the major start site for transcription of repH in H. halobium compared with H. volcanji suggest that different promoters are utilized in these two organisms.
All but 52 bp of the 550-bp A+T-rich region located 5' to the promoter can be deleted from the left end of pNG11A12 without losing replication ability, as shown by the isolation of pNG100 from the pNRC100 library (see above). Plasmids pNG11A4 and pNG11A32, which contain 52-or 146-bp deletions, respectively, beyond the left end of pNG100, were not able to replicate (Fig. 3, lanes 1 and 3) .
Linker scanning mutagenesis and reversion analysis. To further determine the necessary requirement for replication, linker scanning mutagenesis was carried out on plasmid pNG11A12. The (Fig. 4) . Four of the plasmids (pNG11A12dil, -di2l, -di33, and -di8) had small deletions between Sau3AI sites in addition to insertion of the linker, while five plasmids (pNG11A12i6, -i57, -ilO, -i28, and -i41) contained simple insertions. pNG11A12i28 and -i41 were independent isolates of the same insertion. Only two plasmids, pNG11A12dil and -i6, with mutations located in the region upstream of repH, showed the ability to replicate in H. volcanii WFD11 (Fig. 6, lanes 2 and 3) . Plasmids with the other seven mutations, which mapped within repH, were all unable to replicate, showing that the repH gene product is required for replication (Fig. 6) .
In order to verify that the linker insertions in repH are indeed responsible for replication deficiency, the four plasmids with simple insertions (pNG11A12iS7, -ilO, -i28, and -i41) and without the ability to replicate were cleaved with PspAI, an isoschizomer of SmaI which generates 4-bp 5' overhangs. Filling in of the PspAI sites followed by recircularization resulted in an increase of the original 14-bp insertion to 18 bp. Thus, the original frameshift mutation was converted to an in-frame insertion. After the sizes of the in-frame mutations were confirmed by DNA sequencing, the plasmids were transformed into H. volcanii to assay for replication ability. Two of the plasmids, pNG11A12i28r and -i41r, with identical in-frame insertions, regained the ability to replicate (Fig. 6 , cf. lanes 6 and 9 and lanes 8 and 10), demonstrating the requirement of repH for replication. The other two plasmids, pNG11Al2i57r and -ilOr, did not regain replication ability, suggesting that mutations at those sites in repH block replication.
Plasmid stability in the absence of selection. To determine if the minimal replication origin region contains the functions necessary for stable plasmid maintenance, cultures of H. volcanii containing pNG11A12 were grown for 15 and 90 generations in the absence of selection and assayed for Mev phenotype. pNG11A12 was lost rapidly: initially 99 + 5% of the colonies were resistant to mevinolin, 74 + 2% were resistant after 15 generations, and only 23 + 4% retained mevinolin resistance after 90 generations (range of three separate experiments). Since there is no substantial difference in the growth rates for plasmid-free and plasmidcontaining strains, the rapid rate of pNG11A12 loss observed indicates that the plasmid does not contain functions for partitioning during cell division.
DISCUSSION
We have isolated and characterized the minimal replication origin of pNRC100, which confers the ability to replicate on recombinant plasmids in H. halobium and H. volcanii. The minimal origin is approximately 3.9 kb in size and is located near the gvp gene cluster in the small single-copy region of pNRC100. The origin contains a long open reading frame, named repH, and a highly A+T-rich region 5' to repH. The isolation of this replication origin from a library of pNRC100 sequences by selecting its ability to replicate in H. volcanii as well as the lack of deletions extending into this region in class III Vac-mutants together suggest that it functions as the replication origin of pNRC100. The minimal replication region, however, is not sufficient for stable plasmid maintenance in the absence of positive selection.
Interestingly, Blaseio and Pfeifer independently constructed a miniplasmid, pUBP2, by using a deletion derivative of pHH1, a 150-kb plasmid of H. halobium NRC817 similar to pNRC100 (2). The available information on this plasmid indicates that it contains a region with a restriction map very similar to those of our replicating pNRC100 miniplasmids (cf. KpnI, SphI, and EcoRI sites). However, an unambiguous conclusion of identity is precluded by the lack of sequence information and mutagenic studies on pUBP2 at present (see addendum in proof).
The predicted product of the pNRC100 repH gene is a large acidic protein with a molecular weight of 113,442. The results of linker scanning mutagenesis show that insertions which interfere with the reading frame, but not one which does not, prevent replication of the miniplasmids. Therefore, the repH gene product must be necessary for plasmid replication. When we compared the sequence of the predicted RepH protein against the nucleotide sequence data bases by using the TFASTA program (13) , two hypothetical proteins with significant (24 to 27%) homology were identified (Fig. 7) . Interestingly, both of these were encoded by halobacterial plasmids, one by pHV2, a 6,354-bp cryptic H. volcanii plasmid commonly used as a cloning vector (5) , and the second by p4HL, a 12,041-bp plasmid derivative of an H. halobium bacteriophage, 4fH (16) . This finding suggests that these homologs are also involved in the replication of the corresponding halobacterial plasmids.
The region immediately 5' to the repH gene probably contains the major promoter, as judged by the finding of transcripts starting 17 to 18 nucleotides from the putative ATG start codon. The lack of transcripts starting substantially upstream indicates that another possible ATG start codon, 192 nucleotides further 5' to the ATG start (Fig. 4) , is not used for translation initiation. Interestingly, in H. volcanii, the repH gene is transcribed from promoters located 75 to 125 bp upstream of the major promoter used in H. halobium. The use of different promoters in these two organisms is surprising, considering that the mevinolin resistance gene is expressed in both species (27) , that halophage 4H can replicate in both species (2, 7, 27) , and that a consensus promoter sequence for all halophiles has been proposed (28) . One possible explanation for this result is that a factor required for transcription of repH from its native promoter in H. halobium is absent in H. volcanii. . . . (Fig. 4) . This region, sequenced in pNG11A12, is at least 550 bp long and contains 58.5% A+T. Surprisingly, nearly all of the A+T-rich region (all but 52 bp) was deleted in pNG100, which was selected for its capability to replicate in H. volcanii. However, when the entire A+T-rich region was deleted in pNG11A4 and pNG11A32, the plasmids could no longer replicate, indicating the importance of this region for replication. This region contains many oligo(A) and oligo(T) tracts and six copies of the sequence (GIT)A1TIT(A/T) within a 130 nucleotide stretch. Interestingly, the region may contain a sharp bend resulting from the phasing of several of the oligo(A) tracts (18) . Within the 470-bp region between the A+T-rich region and the repH structural gene is a segment of relatively high G+C content (42% A+T). Several repeats were found in this region, including an 8-bp inverted repeat (GGACACGA), a 7-bp inverted repeat (GAGTAGC), and seven copies of a very short repeat (CAA[TIA]). Several similar short repeats were also found in the putative replication origin of the 1.8-kb pHSB1 family of miniplasmids of Halobacte-ium species (17) . One possible function of repeats could be in binding of replication proteins such as RepH, with the formation of a melted replication complex being facilitated by the A+T-rich region (25, 41 Replication origins of several plasmids, phages, and bacterial chromosomes have been studied in detail (25, 43, 45, 46) . In most cases, such as those of antibiotic resistance plasmids Rl and pSC101, conjugative plasmid F, bacteriophages X and P1, and the Bacillus subtilis and Pseudomonas putida chromosomes, genes required for replication (rep) have been found proximal to replication origins containing A+T-rich regions and multiple copies of replication proteinbinding sites (iterons). For many of these replicons, rep gene transcription is oriented away from the replication origin, although in at least one case (Ri), transcription is oriented toward the origin. For pNRC100, the position of the A+T-rich segment and repeated sequences 5' to the repH gene suggest that initiation of DNA replication occurs in this 5' region, with transcription of repH away from the putative origin.
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Miniplasmid pNG11A12 was frequently lost from cells grown without mevinolin selection. Both the rate of loss and the low copy number of pNG11A12 were similar to those observed for pSC101 mutants defective in partitioning (29) .
The instability was also apparent in H. halobium strains harboring pNRC100 miniplasmids containing the gyp gene cluster, with formation of sectored colonies on agar plates lacking mevinolin (1) . In contrast, we have observed that although pNRC100 frequently suffers rearrangements, it is very rarely spontaneously lost from H. halobium. These observations suggest that the minimal replication origin region in pNG11A12 is lacking the partitioning locus normally present on pNRC100. The absence of the partitioning locus in pNG11A12 is also consistent with our observation that pNRC100 or its deletion derivatives are stably maintained (compatible) in strains transformed with the miniplasmid (la, 33). 
